Abstract. The flow in the conical part of the hydroturbine draft tube undergoes various instabilities due to deceleration and flow swirling at off-design operation points. In particular, the precessing vortex rope develops at part-load regimes in the draft tube. This rope induces periodical low-frequency pressure oscillations in the draft tube. Interaction of rotational (asynchronous) mode of disturbances with the elbow can bring to strong oscillations in the whole hydrodynamical system. Recent researches on flow structure in the discharge cone in a regime of free runner had revealed that helical-like vortex rope can be unstable itself. Some coils of helix close to each other and reconnection appears with generation of a vortex ring. The vortex ring moves toward the draft tube wall and downstream. The present research is focused on interaction of vortex ring with wall and generation of pressure pulses.
Introduction
The hydro power stations often play role of regulating instruments in electric grids. Moreover the levels of head water as well as tail water undergo considerable variations due to seasons changes or meteorological conditions etc. Thus, the hydraulic machines need to operate under wide range of technological parameters. Most of the operating points lying away from the best efficiency point are subjected to instability or cavitation developments inducing undesirable unsteady phenomena. In a most extent this refers to the turbines of Francis type. The state of the art in area of different aspects of the hydrodynamic instabilities can be found in recent reviews [1, 2] . In particular, one type of instability, vortex breakdown, leads to generation of helix-like vortex rope. Our recent research [3] on the flow structure behind model of the runner had demonstrated that the helical vortex rope can be unstable itself. During recording with high speed camera we observed that sometimes the neighboring coils of the helix close to each other and process of reconnection starts with further generation of a vortex ring. The vortex ring after the reconnection moves apart from the main vortex rope toward the wall and downstream generating pressure pulses on the wall (some details on interaction of a vortex ring with the wall can be found in [4] ). Such event belongs to random (or aperiodical) pulsations which present a particular interest, due to the fact that their nature is much more complex in comparison with precessional pulsations or blade pulsations [5] .
The goal of this paper is to make a better understanding of the random pressure pulses phenomenon. We will perform synchronous registration of the vortex ring propagation via high speed camera together with recording the pressure signal from the probe mounted on the wall.
Experimental setup
The studies were performed using a closed hydrodynamic loop with a maximum flow rate (Q) of up to 0.067 m 3 /s. For simulating the cavitation regime in the test section, the set-up was equipped with a vacuum pump that provided additional evacuation up to 96 kPa. The working section (Figure 1 analogous to one developed at Politehnical University of Timisoara [5] , allowed for an optical access for the LDA system and high-speed visualization video camera. The working section presents a model of the draft tube cone with throat diameter D = 0.1 m. Another details on the experimental setup see in [6] . In the present research the velocity distributions at the cone inlet cross-section was qualitatively similar to the flow regime observed during part-load operation of Francis turbine [7] . The flow swirl parameter s = 2 M/KD = 0.47 was found through the angular momentum M and momentum K. The second parameter characterizing the flow is Reynolds number, Re=4Q/D. Here  is the kinematic viscosity. The maximal Reynolds number in experiments was about 510 5 . The vortex structures were visualized by the vapor bubbles formed due to cavitation in the zones of low pressure, i.e., at the vortex axis. Visualization was performed using high speed Photron video camera with a maximum resolution of 1 megapixel and frame rate of up to 20,000 fps. To measure pressure pulsations on the draft tube wall, the turbine model was equipped with a piezo resistive pressure transmitter Keller PA-4LC. The pressure fluctuations were measured at 64 mm downstream of the draft tube inlet (figure 1). Standard backscattering two-component LDV system LAD-06i was used for measuring the average velocity profiles (see details in [6] ). The measured velocity profiles were used for evaluating the swirl parameter as well as parameters of the helical-like vortex. In particular, intensity of vortex,  = 0.13 m 2 /s was found [6] .
Flow visualization
We used the modern visualization technique which allows investigating in detail the main stages of the vortex reconnection and vortex ring formation. The structure of the basic flow realized in a conical section of the hydraulic model of the turbine is shown in figure 2 . Due to vortex breakdown phenomenon the vortex core takes form of a left-handed helix. Localization of the vorticity near the central axis of the vortex leads to the formation of cavitation rope, which is filled with water vapor. Conditions of vortex breakdown is associated with the formation of counter flow along the geometrical axis of the channel. At the same time, the direct downward flow occurs along the working section walls. It should be noted that such a topology corresponds to the velocity field generated by a left-handed precessing vortex structure. A complete scenario of reconnection process with the formation of a vortex ring was described by Alekseenko et al. [6] and is shown in Figure 3 . Due to the unstable state of the vortex system in the expanded cone, at some moment, one of the spiral coils starts moving upward, in particular, due to the reverse flow in the near-axis zone of the channel. Subsequently, we observed an overlap of this coil, and further, the mechanism of convergence of the tube parts with the opposite vorticity vectors turns on (see Figure 3d ). The tubes bend at the points of their connections and then the process of reconnection occurs. As a result of the reconnection, vortex ring separates from the spiral tube and moves downstream the cone. The duration of this process is approximately 10 ms from the start of convergence of the spiral parts and ending with full detachment of the ring. After reconnection process, the basic pattern of the vortex has being restored. The reconnection process with the formation of an isolated ring is observed regularly. The size of the vortex ring depends on the separation placement. The upstream reconnection occurs the smaller the vortex ring size. Similar processes of reconnection were investigated numerically [8] , but papers on the reconnection in the swirling flow especially in hydro turbine was not found in the literature. Two different scenarios of vortex ring reconnection were described in [6] : generation of separated vortex ring and generation of ring linked with main helical vortex. Here we are interested in first scenario only which leads to origin of pressure impacts. Based on analysis of video data (statistics up to 1000 revolution of vortex rope precession) we obtained the probability distribution histogram of the events of separations of vortex rings versus time delay between the events (figure 4). The averaged period of vortex rings separations T ring is about 3 times higher than the vortex precession period T pr . 
Conclusion
A phenomenon of vortex ring formation on the precessing vortex rope and pressure pulses induced by vortex ring travelling near probe on the wall have been investigated experimentally in the simplified laboratory model of hydro turbine. Thus, in this experimental work for the first time high-speed visualization synchronized with the wall pressure measurement made it possible to associate random pressure pulses in draft tube with aperiodical process of vortex rings generation due to reconnection between the coils of helical vortex rope. After reconnection the vortex ring can move very close to the wall of the draft tube, causing a sharp local pressure drop. The average period of the vortex rings formation is about 3 times higher than the precession period. The recorded pressure signal depends on the vortex ring trajectory relative to the pressure sensor. Both the sharp rise and fall of the pressure were recorded. The trajectory of the vortex ring and its interaction with the wall of the draft tube are very complex. There are few factors influencing its motion: main swirling flow, PVC induced velocity, self-induced velocity, and velocity induced by interaction with the wall.
